Restriction site variation in chloroplast DNA and nuclear ribosomal DNA was examined in 16 accessions from the Salicaceae comprising ten species of Populus and one outgroup species of Salix. Forty-nine restriction site mutations in the chloroplast DNAs were used to generate one most parsimonious phylogenetic tree. This tree indicates that all varieties of P. nigra (black poplars of sect. Aigeiros) have a chloroplast genome, maternally inherited, derived from the clade including the white poplars (P. alba and segregate species of sect. Populus) and divergent from the American cottonwoods of their own section. Twenty-one restriction site mutations in the nuclear ribosomal DNAs generated a single most parsimonious phylogenetic tree that indicates that the nucleargenome ofP. nigra is distinct from both the white poplars and American cottonwoods. The incongruity of these independent molecular phylogenies provides evidence for an unusual origin of the black poplars. Populus alba or its immediate ancestor acted as the maternal parent in a hybridization event with the paternal lineage of P. nigra. Subsequent backcrosses to the paternal species gave rise to the extant P. nigra with a chloroplast genome of P. alba and the nuclear genome of the paternal species. These hybridization and introgression events must have pre-dated the divergence of the black poplar varieties. The biphyletic nature of the P. nigra genomes suggests that dependency on one class of molecular or morphological markers or the merging of the two kinds of data sets to derive accurate estimates of true phylogenies could be misleading in plants. 
clarification of the hybrid or introgressant nature of suspected species or populations (Rieseberg, Soltis, and .
In this paper we use comparative restriction endonuclease site analysis of cpDNA and nrDNA to document the unusual origin of the European black poplars (Populus nigra var. nigra, var. italica, var. betulifolia). Populus (Salicaceae) comprises 30-40 species placed into six sections (Populus, Aigeiros, Tacamahaca, Leucoides, Turanga, and Abaso) (Eckenwalder, 1977a, b). The black poplars together with the American cottonwoods (P. deltoides and P. fremontii) form sect. Aigeiros, although the two groups are placed in separate subsections, Euroasiaticae and Americanae, respectively. Section Populus includes the white poplars of central Europe, the western Mediterranean basin, Asia minor, and Mexico (subsect. Tomentosae) and the aspens of North America and Eurasia (subsect. Trepidae). Our analysis shows that the black poplars of Europe have a chloroplast genome derived from the lineage encompassing the European white poplars of sect. Populus and have no cytoplasmic affinities to the cottonwoods of their own section. The nuclear rDNA results, however, provide alternative sets of relationships. These data suggest several conclusions regarding the peculiar origin and relationships of the European black poplars.
MATERIALS AND METHODS
As part of a larger study (Smith and Sytsma, unpublished data), fresh leaf material was obtained from one species of Salix L. and 15 accessions of Populus representative of ten species (plus one hybrid) of three currently recognized sections of the genus (Table 1) . Chloroplast DNA intraspecific site variation is extremely low in Populus (Smith and Sytsma, unpublished data; C. S. Prakash, Z.-X. Sun, and D. B. Wagner, personal communication), suggesting that examination of one or two accessions per species would be appropriate for phylogenetic reconstruction among species. Total DNA was extracted by a described protocol (Zimmer, Rivin, and Walbot, 1981) modified to include a 2% polyvinylpolypyrrolidone grinding buffer and a buffer/leaf powder weight ratio of 20:1. The DNAs were digested with 23 restriction endonucleases recognizing six-base nucleotide sequences and were subjected to electrophoresis in 0.7% agarose/Tris/EDTA acetate gels. After denaturation and neutralization, the fragments were blotted onto BioTrans membranes in a bidirectional fashion. Membrane filters were sequentially probed with each of 12 Pst I and two Sal I clones representing nearly the entire cpDNA genome of Petunia. Also used was one clone from Lactuca representing the small single-copy region between the inverted repeats of the cpDNA molecule. Mapped positions of these clones are provided elsewhere (Sytsma and Gottlieb, 1986b). The collinearity of the cpDNA of Salix, Populus, Petunia, and the small single-copy region of Lactuca and the maternal inheritance of Populus cpDNA has been confirmed (Sytsma and Smith, unpublished data). In addition, nuclear rDNA restriction site and fragment length variation was assessed in Populus by re-probing filters used in the cpDNA analysis with heterologous probes from soybean as described elsewhere (Sytsma and Schaal, 1985 (Felsenstein, 1985) in PHYLIP was used to place confidence levels on branches in a resulting majority rule tree. Finally, the distance algorithm of Fitch and Margoliash (1967) in PHYLIP was used to construct unrooted trees based on overall measures of cpDNA sequence divergence.
RESULTS
Phylogenetic results from cpDNA data -Approximately 342 restriction enzyme sites (sixbase sequences) were surveyed in each of the cpDNAs, for a total sample of 1.3% of the Populus chloroplast genome (1 55 kbp). Of the 342 restriction sites, 49 (14.3%) were found to be variable among the species of Populus examined (Table 2 ). The lowest incidence of change occurred within the inverted repeat, an area well known for its high degree of conservatism (Palmer and Stein, 1986; Sytsma and Gottlieb, 1 986b). No variation in cpDNA was seen among P. alba, P. x canescens, and P. tomentosa (all white poplars), among the three varieties of P. nigra, or between the two subspecies of P. deltoides.
The proportion of base substitutions per nucleotide position, p (Nei and Li, 1979), was estimated from observed site differences for each of the possible pair-wise comparisons among the 15 accessions of Populus. These values ranged from 0 to 0.0137 (Table 3 ). Considering that not all members and sections of the genus are represented, the largest value is probably lower than would be found in a more comprehensive analysis. Nonetheless, the highest p value within Populus is intermediate in the range of infrageneric values currently known for angiosperms (Sytsma and Smith, 1988). Excluding P. alba, P. x canescens, and P. tomentosa (often not segregated out of P. alba), the lowest sequence divergence value among species (0.0010) was between morphologically similar Populus deltoides and P. fremontii (sect. Aigeiros), and the greatest between P. alba and P. balsamifera (sects. Populus and Tacamahaca, respectively). Populus nigra and P. alba had a relatively low p value of 0.0020.
Cladistic analysis of the 49 restriction site mutations, polarized by Salix exigua, generated a single most parsimonious Wagner tree of 54 steps requiring five convergences (Fig.  1) . This tree had a rate of homoplasy of 9.3% and a consistency index (Kluge and Farris, 1969) of 90.7%. This tree has an unresolved node affecting the relative placements of Populus tremuloides, P. tremula, and the white and black poplar lineage. The European white poplars (Populus alba, P. x canescens, and P. tomentosa) form a sister group relationship with the black poplars, P. nigra, rather than with the American white poplar P. guzmanantlensis oftheir own subsection. A synapomorphic Hind III site mutation that aligns P. nigra with the white poplars and aspens is illustrated in Fig.  2 . Populus nigra and P. alba, morphologically distinct species traditionally placed in separate sections of the genus (sects. Aigeiros and Populus, respectively) (Eckenwalder, 1 977a, b), share a more recent common ancestral cytoplasm than either does with any of the remaining species. The close relationship of P. nigra and P. alba was also supported by the 87 trees one, two, and three steps longer than the most parsimonious trees. Dollo parsimony yielded a single most parsimonious tree requiring 55 steps. This tree was topologically congruent to the most parsimonious Wagner tree but additionally resolved the aspens, P. tremuloides and P. tremula, as a monophyletic group. At 56 steps, two additional Dollo trees were generated that were topologically congruent to the most parsimonious Wagner tree but differed in the relative placements of P. tremuloides, P. tremula, and the white and black poplar lineage. The majority rule bootstrap tree utilizing 500 replicates was also identical to the most parsimonious Wagner tree (bootstrap confidence levels are provided in Fig. 1 ). Confidence levels are sensitive to and dependent on the fineness of resolution of the tree (Sanderson, 1989); i.e., the greater the number ofclosely related species added to a study and defined within a specific clade, the lower the confidence levels for each branch within this clade. Therefore, an iterative bootstrapping analysis was done to place confidence levels on the lineage comprising Populus nigra and the P. alba group at more inclusive levels. The confidence level of this lineage increased from 66% to 96% with the exclusion of the P. guzmanantlensis (Fig. la) and to 100% with the additional exclusion of the aspens (Fig. lb) . Although bootstrap analysis does not place P. nigra as the sister group to P. alba with statistical confidence, the analysis does place P. nigra within the white poplar subsection with 96% confidence and within sect. Populus with 100% confidence. Thus, the close relationship of P. nigra and P. alba (and other members of sect. Populus) relative to the cottonwoods are maintained by Wagner and Dollo parsimony and bootstrap analysis.
Phylogenetic analysis based on sequence divergence gave results exactly concordant to those based on parsimony. This was demonstrated by utilizing p values in the Fitch and Margoliash algorithm of PHYLIP to generate one unrooted tree (Fig. 3 ) that minimized the average percentage standard deviation (% S.D. = 5.70) between calculated and observed values of p. This unrooted tree is topologically identical to the most parsimonious Wagner tree (Fig. 1) repeat of Populus and Salix. A total of 32-37 restriction sites were surveyed in the nrDNA of each accession. From these, 21 restriction site mutations were scored using 12 enzymes that exhibited variation (Table 4) . Length variation in the intergenic spacer was observed within and among accessions, but this variation was not used in the phylogenetic analysis nor did it affect the interpretation of site variation. Nuclear rDNA p values ranged from 0 to 0.08 3 (Table 3) . Phylogenetic analysis of the 21 nrDNA restriction site mutations using Wagner parsimony (in PAUP) generated a single shortest tree (Fig. 4) of 24 steps (CI = 0.875). This tree has an unresolved trichotomy of three main lineages: 1) sect. Populus; 2) sects. Tacamahaca and Aigeiros (minus P. nigra); and 3) P. nigra. Three equally short trees of 26 steps were obtained with Dollo parsimony. A consensus tree of these three trees is similar to the Wagner parsimony tree (Fig. 4) . The Dollo consensus tree places the lineage composing P. balsamifera and P. szechuanica as a fourth lineage radiating out from the unresolved basal node in Populus rather than as the sister group to the American cottonwoods. The major discrepancies apparent between the nuclear rDNA and cpDNA phylogenies are the placements of P. nigra and P. szechuanica. The latter is examined in more detail in a broader survey of Populus (Smith and Sytsma, unpublished data). In contrast to the cpDNA results, P. nigra does not have a nuclear genome similar to that found in the P. alba lineage. All the white poplars and aspens of sect. Populus are united by three site mutations indicating that they form a monophyletic lineage. Populus nigra does not share these mutations and also contains its own unique site mutation. The American cottonwoods (P. deltoides and P. fremontii) form their own lineage by sharing three site mutations. The nuclear genome (and chloroplast genome) of Populus nigra is thus distinct from that found in these other species placed in its own section. Although the exact alignment of the three main lineages (sect. Populus, sect. Aigeiros subsect. Americanae and sect. Tacamahaca, and P. nigra) is unresolved, P. nigra is distinct in its nuclear genome from sect. Populus from which its chloroplast genome is derived and from sect. Aigeiros subsect. A mericanae to which it has morphological resemblance and with which it has been taxonomically placed (as subsect. Euroasiaticae). Such a discrepancy is apparently involved with Populus alba and P. nigra, species with very similar chloroplast genomes but distinctive nuclear rDNAs. A pronounced sexual incompatibility exists between these two species. This incompatibility of sect. Populus with P. nigra extends as well to all members of sects. Aigeiros and Tacamahaca (Ronald, 1982) . In contrast, P. nigra readily produces viable crosses with P. deltoides and P. fremontii of its own section and with P. trichocarpa of sect. Tacamahaca (Stout and Schreiner, 1933; Pauley, 1949; Zsuffa, 1973; Eckenwalder, 1982), the latter a section closely related to sect. Aigeiros (Eckenwalder, 1977b) . Therefore, the most problematic crosses for P. nigra appear to be with the immediate members of its own cpDNA-based lineage, especially P. alba. Only with solvent treatments and with P. alba as the maternal parent can P. nigra and P. alba be crossed today ( (but not American) white poplars and not to the American cottonwoods, yet a divergent relationship of the nuclear genome of the black poplars to both the white poplars and cottonwoods. The results suggest that the genomes of Populus nigra are a combination of at least two different species. Two scenarios for the evolution of P. nigra are possible. The first scenario would have P. nigra misplaced taxonomically and as actually derived from within sect. Populus subsect. Tomentosae. But, subsequent to its split in Eurasia from the white poplars or their immediate ancestor, P. nigra hybridized with a species outside sect. Populus that contributed the nuclear genome via introgression. This scenario is unlikely for a number of reasons. It would predict the presence of a species with a P. nigra-like nuclear genome (as seen by nrDNA analysis) distinct from those seen in sects. Populus, Aigeiros (exclusive of P. nigra), and Tacamahaca. In a larger preliminary analysis of the genus Populus, the nrDNA pattern of P. nigra is still distinctive and occupies an isolated position in the genus (Smith and Sytsma, unpublished data). The placement of P. nigra within one clade of subsect. Tomentosae is also not supported by the weight of classical morphological, chemical, and crossing studies. Morphological characters of fertile parts (stigma dilation and lobing, disk shape, capsule shape, stamen number) and of vegetative parts (bracts of pistillate aments, compression of petioles, viscidness of overwintering terminal buds) provide no evidence of a relationship of P. nigra to P. alba, but rather a relationship to the cottonwoods. Although all these characters have not been analyzed in a cladistic manner (Eckenwalder, 1984b, c), placement of P. nigra as the sister taxa to P. alba, or other white poplars, would necessitate invoking a considerable amount of morphological convergence of P. nigra to the cottonwoods.
DISCUSSION
The second scenario would have Populus nigra, as it now exists, as derived from an ancient hybridization event in Eurasia, involving an ancestor or relative of P. alba as the maternal (cpDNA) donor, and the immediate ancestor of P. nigra ("pre" P. nigra) as the paternal donor. The discrepancy between the maternal and nuclear phylogenies involving the placement of P. nigra strongly implicates subsequent backcrossing (introgression) of the hybrid to its paternal ancestor. The weight of earlier studies using morphology and other characteristics might argue that this "pre" P. nigra had a nuclear genome related to the American cottonwoods. In this case, the unusual nature of present-day P. nigra rDNA (relative to the white poplars and cottonwoods) would have to be explained by rapid evolution of rDNA by some molecular phenomena operating to promote rapid turnover and subsequent homogenization of the gene family (Zimmer et al., 1980; Dover, 1982) . Alternatively, because the nuclear rDNAs of P. nigra accessions do not fall within any of the examined lineages, it could be argued that "pre" P. nigra might not be related to either the American cottonwoods or the white poplars (nor to any extant lineage so far examined). The exact relationships of the hypothesized paternal ancestor of the black poplars to extant species within Populus must await additional information obtained from other nuclear encoded DNAs, such as restriction fragment length polymorphisms (RFLPs) (see Keim et al., 1989) . In any case, these putative hybridization and introgression events must have predated the divergence of the black poplar varieties, as all varieties of Populus nigra have the same chloroplast genome and nuclear rDNA array.
This second scenario would predict the presence (extant or extinct) of a species or populations ("pre" P. nigra) with a "lost" P. nigra chloroplast genome. Two central Asian poplars, Populus sosnowskyi Grossh. and P. usbekistanica Kom., while perhaps mere taxonomic segregates of P. nigra, could conceivably still harbor the cpDNA-type "lost" following an ancient P. alba x "pre" P. nigra cross. It is important to note that P. alba x P. nigra crosses can now only be performed (using solvent washes) with P. alba as the maternal source and thus also as the contributor of the chloroplast genome for the hybrid. In summary, the very similar nature of the chloroplast DNAs in Populus nigra and P. alba, the very distinctive nuclear rDNA of P. nigra, and the weight of previous classical morphological, chemical, and crossing studies strongly support the second scenario as the most probable for the evolution of the black poplars. The phylogenetic analysis would thus indicate that: 1) the immediate ancestor of P. nigra ("pre" P. nigra) occupied a position either within sect. Aigeiros or possibly outside sects. Aigeiros, Tacamahaca, and Populus; 2) it served as the male parent in a cross with P. alba or a related species in Eurasia thereby gaining the P. alba chloroplast genome; 3) the resulting hybrid progeny, acting as the female parent, backcrossed with "pre" P. nigra thereby effectively losing or minimizing the expression of the P. alba nuclear genome; and 4) subsequent progeny, bearing the P. alba cytoplasmic genome, ultimately diverged into the various extant va-rieties of black poplar in Europe and Asia. The demonstration with nuclear-encoded RFLPs that unidirectional introgression has occurred between P. fremontii and P. angustifolia in overlap zones (Keim et al., 1989 ) strengthens the proposed model for the evolution of the black poplars.
The continued presence of Populus nigra in Europe has come into question. Recently, in Europe, "pure" P. nigra has been displaced from its native habitat by spontaneous hybridization with numerous cultivars of P. x canadensis extensively utilized in forestry (Bialobok, 1973; Zsuffa, 1973; Mohrdiek, 1983) . Populus x canadensis is the progeny of P. deltoides x P. nigra crosses (known also as P. x euramericana) and is produced only unilaterally, with P. deltoides always acting as the maternal (cpDNA) donor (Villar et al., 1987) . It remains to be seen, owing to both the unilateral hybridization phenomena between these species and the maternal inheritance of chloroplasts within the genus, whether the cpDNA genome ofP. nigra is currently being extirpated from sexually reproducing populations in Europe. If so, this could serve as a working model for the hypothesized ancient introgressive origin of the black poplars outlined above. These studies have postulated hybridization and unilateral introgression to account for such discrepancies, although matriarchal lineage sorting (Neigel and Avise, 1986) has not been ruled out. The confounding effect ofthese events on estimates of phylogenetic relationships is particularly great in plants and suggests that exclusive use of characters from just morphology, chloroplast DNA, or the nuclear genome can give rise to errors in phylogenetic reconstruction. Moreover, this study emphasizes the need for caution when analyzing phylogenetically informative characters when they are derived from different sources (e.g., morphology, chloroplast DNA, and nuclear DNA). These results argue against the combination of distinct sets of characters as suggested by Hillis (1987) for morphological and molecular data sets. Instead, this study argues for preliminary separate analyses for each character set, with subsequent examination and explanations of congruence or discordance (Sytsma, 1990).
